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I. INTRODUCTION
The need to take into account in plasma transport calculations that plasma ions on internal flux surfaces could access loss orbits that would allow them to free-stream out of the plasma has long been recognized (e.g., Refs. 1-9). Stacey et al. [10] [11] [12] [13] [14] have recently extended the Miyamoto 6 model for numerical calculations of the effects of these "ion orbit losses" (IOLs) on the interpretation of edge plasma transport, and deGrassie et al., 15, 16 Stacey et al., 17, 18 and Pan et al. 19, 20 have shown that the peaking of toroidal rotation in the plasma edge observed in experiment could be interpreted as intrinsic rotation due to ion orbit loss. The basic ion orbit loss calculation employed by these latter authors [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] consists of a solution of the Miyamoto canonical toroidal angular momentum, energy, and magnetic moment conservation equations to determine if an ion with a given direction and energy at a given location on an internal flux surface is "energetically" allowed to reach a point on or outside the last closed flux surface (LCFS). Different computational strategies are used by the three sets of authors to numerically combine multiple such basic IOL calculations to determine the loss of thermalized plasma ions and their energy and momentum from the edge plasma.
Our previous investigations [10] [11] [12] [13] [14] indicate that a very large fraction of the total ion particle and energy flux crossing the LCFS is carried by IOL ions. There are also indications that the poloidal distribution of the IOL particle and energy fluxes across the LCFS is very different than those of the particle and energy fluxes transported in the plasma. However, our previous IOL investigations used a computational strategy that emphasized the determination of the fraction of ions and energy that was ion orbit lost, but did not focus on where these IOL fluxes crossed the LCFS. The main purpose of this paper is to investigate the effect of ion orbit loss on the distribution over the last closed flux surface of the particle, energy, and momentum fluxes crossing from the confined plasma into the surrounding scrape-off layer (SOL). This investigation requires modifications of the computational strategy described in Refs. 10 and 13 with the objectives of calculating the poloidal distribution of ions, energy, and momentum from the edge plasma into the surrounding SOL. A secondary purpose is to investigate the possible effect on ion orbit loss of isotropization of the ion distribution by scattering.
II. CALCULATION MODEL A. Basic ion orbit loss calculation
The basic ion orbit loss calculation considers an ion at a point with the poloidal angle h 0 on an internal flux surface w 0 with the normalized minor radius q 0 and major radius R 0 , which has a direction cosine of particle velocity with respect to the toroidal magnetic field f 0 and a speed V 0 . The magnetic field ratio (toroidal/total) at this location is f u0 jB u0 =Bj and the electrostatic potential is / 0 . The equations for conservation of canonical toroidal angular momentum, energy, and magnetic momentum can be combined to obtain a quadratic equation 10 with terms evaluated at a point on the internal flux surface-subscript "0"-and at a point on the separatrix or last closed flux surface-subscript "s."
If this equation has a physical solution for a point on the LCFS w s (or any other location) with normalized minor radius q s , major radius R s , poloidal angle h s , and magnetic field B s , then that ion can be lost from the confined plasma through that point. In the GTEDGE code (a background modeling and experimental data interpretation code), this equation is solved many times for each of 8 values of h s , 8 values of h 0 , 22 values of f 0 over À1 < f 0 < 1 (see Figure 1) , and 24 values of q 0 , using experimental radial electric field and ion temperature and using a constant current density approximation for the flux surface variable w ¼ RA u ¼ Here, A u is the vector potential and I is the plasma current. The effect of the constant current density approximation is presently being investigated.
B. IOL computation strategy-General considerations
At a certain radial location (designated q 1 )in the plasma edge the outward flowing ion population, which is assumed to be uniformly distributed over the flux surface and in a Maxwellian distribution at the local (radial) ion temperature, the E min ðf 0 ; q 0 ; h 0 ; h s Þ is sufficiently low that a small fraction (<1%) of the ion distribution is at higher energy. The edge region between q 1 and the last close flux surface at q s is divided into 24 equal-spaced intervals at normalized radii q k for the purpose of calculating E min ðf 0 ; q 0 ¼ q k ; h 0 ; h s Þ, allowing the subsequent calculation of the fraction of the ions that would have flowed across each of these q k surfaces in the absence of IOL that actually are ion orbit loss.
Since the ions follow the helical magnetic field lines around the flux surface many, many times in the time required to be transported outward from q k to q kþ1 , an ion reaching surface q k at, e.g., h 0 ¼ 0 and energy E > E min ðf 0 ; q 0 ¼ q k ; h 0 ¼ 0; h s Þ for some h s will be lost immediately, but an ion with E < E min ðf 0 ; q 0 ¼ q k ; h 0 ¼ 0; h s Þ will spiral to h 0 ¼ 6p=4, depending on the sign of f 0 , and may be ion orbit lost from that location if E > E min ðf 0 ; q 0 ¼ q k ; h 0 ¼ 6p=4; h s Þ for some h s , etc. Several strategies for sorting through such sequences of IOL possibilities are discussed below.
For each internal location h 0 on each internal flux surface, 10 E min ðf 0 ; q 0 ; h 0 ; h s Þ is determined for all 8 exit locations h s on the LCFS and the smallest such energy is taken as the minimum loss energy for that ðf 0 ; h 0 ; q 0 Þ, then the smallest such E small min ðf 0 ; q 0 ; h 0 Þ or the average E av min ðf 0 ; q 0 ; h 0 Þ over the 8 values of h 0 is taken as the E surf min ðf 0 ; q 0 Þ for the flux surface for that f 0 . These last two procedures were found to yield similar results. This strategy is based on two assumptions: (i) that any ion on flux surface q 0 will spiral through all locations h 0 in the time it takes to be transported across flux surface q 0 ; and (ii) that ions from any location h 0 will be able to reach any energetically allowed location h s on the LCFS.
Strategy No. 1 was implemented in order to make a calculation of the loss fractions of ions, energy, and momentum, not to calculate the poloidal locations to which they were lost. Strategy number 2 has the calculation of poloidal loss locations of ions, energy, and momentum crossing the LCFS into the SOL as a major objective. To this end, we have modified the basic calculation describe above to calculate separate loss fractions from differential radial regions (instead of the cumulative calculations made for strategy 1) and to consider the allocation of those losses over the various energetically possible poloidal exit locations.
When it is energetically possible for an ion lost from a given location h 0 on an internal flux surface at radial location q 0 to be lost through more that one exit location h s , we prorate the loss equally among all energetically possible loss locations. When it is not possible for an ion to be lost from location h 0 , we spiral the ion to the next nearest surface in the positive or negative direction in accordance with the sign of f 0 , then check again if it can be lost.
E. IOL computational strategy No. 3-"Scatter"
This is strategy No. 2 plus the assumption that if the particle is not lost for the initial f 0 then the lowest E min ðf 0 ; q 0 ; h 0 Þ over the 22 values of f 0 will be used, because of the isotropization of the distribution by scattering.
F. Loss calculation
Once the minimum loss energy E min ðf 0 ; q 0 Þ for ions on internal surface q 0 with direction cosine f 0 is determined by one of the above computational strategies, the loss fraction that has taken place over 0 < q < q 0 of the total ion population with directions cosine f 0 that would have been present in the absence of IOL can be calculated from where
the complete gamma function of order 3=2, Cðn; aÞ ¼ CðnÞ À cðn; aÞ, and cðn; aÞ is the incomplete gamma function of order n and argument a. These forms result from using the Maxwellian distribution. Similar derivations lead to the fractions of ion energy and momentum that are IOL lost from within surface q 0
The fraction of ions lost by ion orbit loss within the volume between the flux surfaces at q k and q kÀ1 , which is needed for the "new" calculation strategy No. 2, may be determined by subtraction dF loss ðq k Þ ¼ F loss ðq k Þ ÀF loss ðq kÀ1 Þ, similarly for dE loss and dM loss .
G. Treatment of energy spectrum
In order to facilitate numerical computation, the model described above is based on the implicit assumption that the thermalized plasma is in a Maxwellian distribution at the local ion temperature, but with those ions in each direction above the minimum loss energy for that direction missing. We note that there exist ion orbit loss models with a more detailed calculation of the energy spectrum of the remaining ions, but with much greater computation times (e.g., the particle following model of Chang et al., 8 and the kinetic models of Stoltzfus-Dueck 21 and Seo et al.
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H. Definition of lost
The model presented in this and previous papers 10,13 can calculate whether or not an ion with a given energy and direction cosine located at a given location ðq 0 ; h 0 Þ on an inner flux surface can reach a location ðq s ; h s Þ at a different radial and poloidal location. In this and previous papers, we have chosen q s to be on the LCFS and have used a factor 0 R iol loss 1 to represent the probability that an ion from the interior reaching a point on the LCFS will leave the plasma and not return. It is of course possible to make other choices for ðq s ; h s Þ, e.g., the location of a limiter or divertor entrance. Calculation of the possibility that a particle that crosses the LCFS follows that orbit and returns into the plasma are under investigation.
III. APPLICATION TO A DIII-D H-MODE SHOT
The edge experimental profiles for DIII-D 23 The minimum loss energy for the innermost flux surface at q 0 ¼ q 1 ¼ 0:864 is show in Fig. 4 . As may be inferred from Fig. 4 , ions at any poloidal location h 0 on the internal flux surface with sufficient energy to be lost at h s ¼ p have sufficient energy to be lost at any other exit location on the LCFS, those that have sufficient energy to be lost from h 0 ¼ 63p=4 have sufficient energy to be lost over 3 = 4 of the locations on the LCFS, etc. This situation is illustrated in Fig. 5 . In the new computational strategy No. 2 ions which energetically could escape across multiple locations on the LCFS are prorated equally among these locations.
The cumulative loss fractions of ions and energy from ion orbit lost particles from inside of radius q, i.e., for 0 < q 0 q, are shown in Fig. 6 , for both the original The poloidal distribution of the cumulative ion particle and energy ion orbit loss fractions across the LCFS calculated by the new computation strategies No. 2 and No. 3 (same as No. 2 but also including isotropization of the distribution in direction due to scattering) are shown in Fig. 7 . The exiting distributions are strongly peaked about the outboard midplane at h s ¼ 0 for all three calculation strategies. This is consistent with a previous estimate 13 based on the original calculation strategy No. 1 and with experimental data. [24] [25] [26] The isotropization assumption used to represent scattering in strategy No. 3 essentially assumes that all ions are scattered into the direction f 0 with the lowest value of E min ðq 0 ; f 0 Þ, thus increasing greatly the calculated ion orbit loss fractions.
The poloidal distribution of particle and energy fluxes across the LCFS due to ion orbit loss are quite different than the distributions due to conductive or diffusive transport in the plasma, as shown in Fig. 8 , where the normalized conductive energy flux calculated used an elongated plasma equilibrium (taking into account Shafranov shift and flux surface expansion and compression 27 ) and the normalized IOL energy flux distribution corresponding to Fig. 7 are compared. Figure 6 indicates that more that 95% of the ion energy flowing across the LCFS is in the form of IOL ions and less that 5% is in the form of ion energy transported in the plasma.
We note, however, that some of the ions and energy that are IOL lost may return to the plasma if the loss orbit reenters the plasma rather than striking the wall or a neutral particle. It should also be noted that we have not included 
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the X-loss of ions by grad-B and curvature drifting radially outward in the weak poloidal magnetic field region in the vicinity of the X-point, 8, 28 which would be expected to cause a secondary peaking in the IOL distribution in Fig. 8 in the vicinity of the X-point at h s ¼ 3p=2.
The implications of Figs. 6 and 8 are quite interesting. The plasma ion and ion energy fluxes crossing the LCFS would consist of upwards of 90% IOL ions. If we assume that all the ions crossing the LCFS are lost and do not return inward across the LCFS into the plasma, then the fraction of the plasma energy transported outward by the ions (about half) will cross the LCFS near the outer mid-plane. The electron energy flux would be expected to cross the LCFS distributed more or less as the conductive flux in Fig. 8 . If the energy split between ion and electron energy fluxes is roughly equal, then the ratio of energy flowing into the outer and inner SOLs, hence the outer and inner divertors, would be about 3/1. This is qualitatively consistent with experimental observation and should be testable quantitatively.
The preferential loss of counter-current ions leaves the edge plasma with a predominant co-current ion population, which can be calculated from
This phenomenon causes an increasing with radius co-current toroidal rotation out to the radius slightly inside the LCFS at which the co-current ions have almost all been lost. Beyond this radius, the small loss of co-current ions begins to increase, reducing the predominance of co-current ions and thus producing the peaking in intrinsic rotation shown in Fig. 9 . The results of three ion orbit loss calculations, corresponding to the three different calculation strategies discussed previously, are shown. We note that inclusion of isotropization (due to scattering) in the calculation not only increases the intrinsic rotation by an order of magnitude but also broadens and weakens the rather distinctive peaking seen in the two calculations without scattering and in experiments. 12, [17] [18] [19] Our previous calculations and comparison with experiment of intrinsic rotation using the original calculation strategy No. 1 (subscript "orig" in Fig. 9 ) were in good agreement with respect to both the magnitude and the width of the intrinsic velocity peak, which causes us to doubt the full isotropization assumption that was used to calculate the much broader and order of magnitude larger result of assuming full isotropization shown with the subscript "scat" in Fig. 9 .
IV. DISCUSSION
Our original modeling 10, 13 of ion orbit loss has been extended to provide a better definition of the loss location distribution across the last closed flux surface. It is predicted that very large fractions of the particle and energy fluxes across the LCFS are in the form of IOL fluxes and that these IOL fluxes across the LCFS are very strongly peaked in the vicinity of the outboard mid-plane in a DIII-D H-mode discharge. This IOL flux distribution is very different than the predicted conductive/diffusive transport fluxes that are normally assumed to determine the distribution of exiting particle and energy fluxes in tokamaks. This has substantial implications for modeling and interpreting divertor physics in tokamaks (e.g., higher energy load to outboard divertor legs). One caveat is that the X-loss 8, 28 of ions by grad-B and curvature drifts in the low-B h X-point region, which has not be treated in this paper, could produce a secondary peaking of IOL fluxes at the X-point.
The major heat removal problem for future tokamaks (e.g., ITER) is the heat flux from the outboard SOL into the outboard divertor. It would appear from the results of this paper that a major cause of this larger heat flux on the outboard than the inboard divertor is due to the ion orbit loss of energy (and particles) predominantly to the outboard scrape-off layer. This raises the possibility that alteration of this IOL distribution of particle and heat fluxes could ameliorate this heat removal problem.
Scattering would affect the IOL modeling by (i) altering the balance equations which are the basis for the ion orbit loss calculation and (ii) by isotropizing the directionality of the particle distribution (i.e., scattering particles with direction such that they are not lost into directions for which they can be lost). Dealing with the first effect would require the use of particle following codes, 8 which would greatly complicate the present calculation. However, isotropization can readily be incorporated into the present strategy, and we find that it greatly increases the fraction of particles and energy that are ion orbit lost from internal flux surfaces. We are inclined to neglect scattering, but the issue is not resolved.
Both our original ion orbit loss calculational strategy 10, 13 and the new strategy presented in this paper and in more detail in Ref. 29 predict the preferential loss of counter-current directed ions, leaving the plasma with a predominantly co-current intrinsic rotation. The peaking in this rotation just inside the LCFS, which is seen experimentally, 12, [17] [18] [19] [20] is predicted to be caused by the ion orbit loss of counter-current ions from deeper inside the LCFS combined with the loss of co-current ions from flux surfaces just inside the LCFS. Isotropization due to scattering significantly increases the magnitude of and broadens this calculated peaking of intrinsic co-rotation beyond what has been   FIG. 9 . Intrinsic co-current deuterium rotation (note that the rotation predicted with scattering isotropization is a factor of 10 larger than plotted). observed experimentally, which is an argument against including scattering in the ion orbit loss calculation. Clearly, it would be useful to have measured Deuterium rotation velocities against which to compare and refine the predictions of the two IOL calculational strategies in order to guide their further refinement.
The results of this paper extend, but are generally in agreement with, previous IOL results.
